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ABSTRACT

We describe an extension of our numerical
model! Lo include the effect of wind shear
on upper convective region growth. We also
report on laboratory experiments designed
to investigate interface motion in salt-
gradient ponds, and we present a comparison
of our numerical model prediction with an
exper imental result,

We briefly review our numerical model treat-
ment of the double diffusive effects at the
interfaces between convecing and nonconvec-
ting regions ir. solar ponds, and we descr ibe
an approach that incorporates wind-generated
turbulent entrainment into the interface
treatment. We find agreement of the calcu-
lated behavior with observations made on a
solar pond.

Two kinds of interface experiments are dis-
cussed. The first kind consists of tank
exper iments designed to give information on
interface motion, and on salt and heat
transport across interfaces. Numer ical
model predictions are compared with experi-
mental data. The second type of experiments
comb ne flow-visualization techniques with
temperature and salinity measurements.
These experiments reveal the floaw structure
in the neighborhood of the interface,

1. INTRODUCTION

The behavior of {nterfaces separating con.
vecting nd nonconvecting regions in salt.
gradient ponds is of great {mportance in
Jdetermir.ing pond performance. Growth of
the upper and lower convecting regions
resulty in the narrowing of the insulating,
noncorvect ing region, an increase in upward
heat loss, and a reduction of the pond's
efficlency. MWe are developing a numerical

mode] to predict interface mot.on to faci-
litate pord design and operation.

The basic numerical model treating double
diffusive interface transport has been de-
scribed in detail in Ref. 1. In Section 2
we briefly review this basic model and then
describe a treatment for including the
interface motion induced by wind shear. The
wind-shear treatment is formulated so that
wind effects and the basic double diffusive
effects are additive.

In Section 3 we describe our flow-visualiza-
tion experiments that are designed to give
an understanding of the basic flow patterns
involved in interface salt transport and
heat transport. The observations also allow
us tn evalvate models of interface transport
propased in the literature.

Section 4 describes an experiment in which
we measure the salt flux, heat flux, and
inter face motion in laboratory solar pond
simulation; our results are compared with
those of other investigators. We also use
the measured salt-tu-heat flux ratio in a
numerical model calculation of interface
position, and compare this result with the
exper imental result-.

2. NUMERICAL_MODEL ING
2.1 Review of Basir Madel

This model is described in detail in Ref. 1
and will be reviewed only briefly here,

The pond configuration assumed in the one
dimens fonal numerical model {s a three
region system with boundary layers sepa-
rating the convecling reqlons from the
nonconvecling regions. The time dependent
diftusion equation f{s used to determine

Thiv work was partially supported by the U,S. Department of Fnerqy, Dvisfon of Solar Thermal

Inergy Systems.



both the heat flux and the salt flux. The
temperature distribution 1in the pond is
obtaired from

o 3= (v ) ot -t o

In the nonconvecting region, the molecular
conductivity is useus for ky; in the con-
vecting regions, an eddy conductivity is
used,

The salinity profile is determined from

s 2 s, a7
TE_'?i(DsTi DSTH)- (2)

The second term on the right is the Soret
term; it represents salt transport induced
by the temperature gradient. In the noncon-
vecting region, the molecular diffusivity is
used for D., whereas an eddy diffusivity
is used in the convecting region.

fFor an interface between convecting and
nonconvecting regions to remain stationary,
we must maintain static stability (density
increasing downward)

an
Ap ﬂT ’ S ’
ax "% Pax 20 3)

across the boundary layer separating these
regions. If the condition of Eq. (3) 1s
violated, the convecting region will en-
croach on the nonconvecting region,

The saltl transport and heat transport across
the interface boundary lavers are obtained
from empirical relations gyenerated in var-
ious oceangraphic thermohaline studies (see,
1or example, Ref. 2). The borndary layer
heat flux is a finction of the temperature
difference across the boundary layer and of
the fluid properties, The salt flux fis
related Lo the heat flux by

—E‘W. S .. (4)

We feel, at this time, that C {5 actually a
function of the heat flux, H, and varies
between (.14 and 0.50.

In our numerical model, we have converted
the empirical salt flux and heal flux to an
effectivg boundary layer thermal conduc-
tivity, 51 and an effective salt dif.
fusivity, . The system of fLqs. (1.4)
was replu.ea by its finite difference analog
any solved using an implicit procedure,

2.7 MWind Induced Entrainment

The basic model described in the preceeding
section accomts for brth the interface salt

flux and heat flux generated by local, ther-
mally induced turbulence. In a solar pond
we can expect to have added effects caused
by externally induced turbulence generated
either by wind action at the surface or by
fluid injection or withdrawal in the con-
vecting regions.

We are aware of only one reference, the work
by Crapper (Ref. 3), dealing with the
combined effects of double diffusive trans-
port ancd externally generated turbulence,
Although, his quantitative results cannot
be generalized, his data indicates that
exte-nal turbulence produces an increase in
the interface salt flux and heat flux above
those caused by thermal convection alone.

There is an extensive collection of work
dealing with turbulent entrainment at a
Jensity interface between stably stratified
f'uids with only one diffusing quantity
present., We are interested in the case of
a wind-driven, uniform density convecting
region that lies on a nonconvecting region,
the latter having a stable density gradient.
Under these conditions, we can correlate
the entrainment of the grad’ent region with
the wind shear and the Richardson number,
Ri, by a relatinn of the form

u
r'f - ¢ RiTT (5)

where () and n are empirical constants.
The friction velocity, us, is related %o
the wind speed, w, by

112
u, = {Cp 8 w. (6)

In order to comhine the thermally 1 duced
double diffusive process with turbulent en-
trainment, we assume we can replace the
entrainment velocity by apprupriate “en-
trainment fluxes" resulting from mixing,
and that these fluxes can be added to the
double diffusive fluxes described in
Section 2.1. Encroachment of the interface
then resuits from the loss of static sta-
pility, [q. (3), across the postulated
inter face.houndary layer, This assumption
of separate, additive contributions from
both the double aiffusive effect an. the
mechanical turbulence appears to be jJusti.
fied by our observations of relatively rare
mixing events in double c¢iffusive flow and
similar oFservations by Turner (Ref. 4) for
grid-generated turbulences,

The entrainment heat flux across the inter.
face can be exp-essed as

W= uganCp, AT, (7



whereas the salt flux is

Fs - —ue a Ds- (B)

From these relations we define effective
entrainment boundary-layer diffusivities,
which are added to the double diffusive
contributions.

2.3 Comparison With Experiment

We have used our wind-entrainment, double
diffusive model to calculate the perform-
ance of the Miamisburg, Ohio, solar pond
over a three-month periuv), Data for the
pond performance were provided by
L. Wittenerg and M. Harris of the Mound
facility, miamisburg, Ohio.

It should be noted that during this period
of operation, the salinity of the pond's
lower convective layer was much lower than
normal .

Initial temperature and salinity profiles
were obtained from the data. Simple smooth
fits were wused for the insolation and
amb ient temperatures; an average wind speed
of 4.0 m/s was used.

There is currently some uncertainity re-
garding the appropriate values for () and
n in Eq. (5). We tried two sets of values
in our calculations. In the first case we
used the values C; = 0.075, n « 1} as
obtained by Wu (Ref. 5); whereas in the
second case we used () = 1.5, n = 3/2 as
obtained by Kit, et al. (Ref. 6). Obhserved
and calculated interface positions as a
function of time are shown in Fig. 1. We
see that the calculation with n - | gives
good agreement with observations for both
the upper and lower interfaces; the use of
N = 3/2 underestimate: the growth of the
upper convective layer,

3. FLOW-VISUALIZATION EXPERIMENTS

Qur flow-visualization experiments are
directed both at obtaining an understanding
of the flow patterns involved at a thermally
driven, doubile diffusive interface and at
assessing a simple mechanistic model of ihe
interface proposed independently by Lindbery
and MHaberstroh (Ref. 7) and |inden and
Shirtchhffe (Ref. B).

The proposed model assumes the simultaneous
growth of a thermal houndary layer and a
salinity boundary layer from the diffusive
core {nto the intermittant turbulenl con-
vection region. Hecause of the high thermal
diffusivity, the thermal bomdary layer out
distances the layer caused by salinity,
Because the temperature distributton In the
thermal layer s unsiable, at some thick
ness the layer will ftreak dowm and a

bouyant element will be released. Such
elements are described as thermal plumes.
The thickness of the salinity boundary
layer and the temperature boundary layer at
breakdown can be calculated from stability
considerations. If we assume that at break-
down both boundary layers are fully mixed
into the convecting region, we can estimate
the ratio of salt flux to heat flux caused
by this mechanism. Model predictions are
in reasonably good agreement with the
observed salt-to-heat flux ratios.

We are using a flow-visualization technique,
developed by Baker (Ref. 9), that employs
thymol blue to mark fluid particles. The
method involves placing the tracer, thymo!
blue, in the lower convective layer.
Because thymol blue is a pH indicator, the
color of the solution cun be altered locally
by the creation of ions at the surface of a
grid electrode. This dyed fluid reveals the
details of the flow.

The visualization exper iments were performed
in a bottom-heated plastir tank approxi-
mately 30 cm by 30 cm by 75-cm deep. The
sides and bottom of the tank were insulated
with about 7.5 cm of styrofoam. Secticns
of the side insulation were removed to
permit us to make observations and to take
pictures. A grid electrode was suspended
about one cm below the gradient zone/lower
convective zone interface. Temperature
data and salinity data were obtained from a
traversing rake containing a platinum resis-
tance thermometer and a joint conductivity
probe.

Figure 2 shows the flow patterns immediately
below the interface ceparating the noncon-
vecting region and tne lower convecting
region. Plumes of cold dyed fluid are
clearly visible descendiny from the inter.
face. Patterns of this type were observed
repeatedly. A plume structure such as that
in Fig. 7 agrees very well with the convec.
tive breakdown assumed in the mechanistic
model .

Quantitative measurements using the dye have
proved difficult., During observations made
with heat fluxes in the range cf 50 to 90
W/m, plume velocities ranged between 0.1
and 0.7 cm/s, The average plume velocity
appeared to  incre2ase with increasing heat
flux, Plume spacing ranged from 3 to 6 cm,

4,  QUANTITATIVE 1ANK EXPERIMENI

4.1 kxp riment and Data

We have bequn a series of experiments de
signed to provide informa’ion on interface

motion and on interface salt flux and heat
flux In double diffusive flow.
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Fig. 1.
Comparison of measured ad
calculated interface posi-
tions for the Miamisturg,
Ohio, salt-gradient solar
pond.
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The laboratory apparatus consists of a glass
dewar (29-cm 1.D. by 75-om deep) with a
bottom-heating element and a top-cooling
plate to establish the desired temperature

gradient, 1In order that we simulate a one-
dimens fonal section of a sola- pond, we were
obiiged to minimize radial heat Joss. We
accomplishea this by using a guard heater
that maintain,y the outside wall of the dewar
at the same temperature as the fluid within.

Instrumentation for the tank consists pri-
marily of a combined platinum resistance
thermometer and a point conductivity probe
mounted on a vertical traversing mechanism
for detailed profile measurements in the
neighborhood of the interfaces. A fixed
verlical array of resistance thermometers
provides overall temperature profiles.
Solution samples laken from the lower con.
vecting reglon provide calibration data for
the salinity probe.

Fig. 2.
Thermal plumes otg:served about | cm
below the gradient region/ lower
convective region interface during
laboratory flow-visualization ex-
per iment .

The results from our first expariment f{n-
tlude information on the motion of the
interface between the lower convective
region and the gradient rcnion as a function
of time and the salt flux and heat flux
across the interface.

Our measured salt-to-hesat flux ratio was
0.'? + 0.05 at a heat flux of 35.5 ¢+ 2.0
Wi, This data point 1{s plotted on
Fig. 3, with the results of Marmorino and
Caldwell (Ref. ?), Nielsen (Ref 10), and
Broughton (Ref. 11). Figure 3 shows that
our data point agreis reasonably well with
the high range of data from Marmorino and
Caldwell, but {s higher than the Nielson
and the Broughton results.

Our sa't flux was obtained by comparing
salinity profiles obtained at times ¢ty
and ;. The interface position at time
t, was ootained from salinitly protiles
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and temperature profiles; the salt content
of the lowe~ convecting layer was calculated
from the height of the layer and its sali-
nity as determined by specific gravity and
temperature neasurements. Salt was totaled
at time t; for all the fluid below the
t, interface position. The difference in
salt content divided by time and by area
oroduced the average salt flux between times
t) and t;. The heat flux was determined
from the temperaiure gradient in the non-
convecting region,

Our largest source of error was in deter-
mining the position of the interface. The
salinity-prefile data were Scattered,
whereas the temperature profiles were smooth
and rounded in the region of the interface.
We defined the interface as the intersection
of the straight line extension of the gra-
dient region temperature profile and the
constant temperature line of the Ilower
convecting region,

4.2 Model Calculation

Using the numerical model descrited in
Sect.on 2.1, we calculated the experiment
described in Section 4.1, We used initial
tempera_ures, salinity profiles, and heating
rates hased on the data. Calculations were
per formed with a nunber of sall-to-heal flux
rav,05. The lower interface position, lower
convective region tempcratures, and lower
convect ive region salinity for a calculation
with salt-to-heat flux ratio of 0.25 are
compared with the experiment in Fig. 4.
The agrcement i~ reasonably good with the
exception of the calcirluled interface growth
rate for the first two days. This may be
caused by our use of approximate initial
profiies in the calculation., A flux ratio
of 0.25 is at.the low end of the experi-
mental range; calculations performed with
higher flux ratios produced a growth rate
of the lower region that was too rapid,
whe-eas lower flux ratins gave a somewhet
lowor growth rate than that observed,

ﬂ Fi?. 3.
Experimentally measured
values of the dimension-

less salt-to-heat flux
W ratio vs heat flux.

With additional research, we hope to produce
more precise results for validation of the
numer ical model,

5.  NOMENCIATURE

Cp Drag coefficient

Co Specific heat (J/g°C)

d Depth of upper convecting layer {cm)

D¢ Salt diffusivity (cm/g)

Dg1 Soret coefficient {g/cm s"C)

Dy Thermal diffusivity (cm/s)

B Effectjve boundary layer diffusivity
(cmys)

Fg Salt flux (g/cm? s)

g Gravitational ;5celeralion (em/ s2)

H Heat flux (W/cm‘)

7 Thermal conductivity (W/cm'C)

Ky Effectivg boundary layer conductivity
(W/cm C)

L Energy removed at depth x (chm3)

q Solar ensrgy absorbed at depth x
(W/cm?)

Ri Richardson number,

Ri o Q20
n ax o

T Temperature (°C)

ug Entrainment velocity (cm/s)

Ua Friction velocity (cm/s)

w Wind speed (cm/s)

x Vertical distance (cm)

n Therm«] coefficient of expansion
(11°c)

[ Sallngiy expansion coefficient
{cm/qg)

" Fluid density (g/§m3)

0y Air density (g/cm’)

ng Solute density (g/ch)



S (%)

T (°C)

Z (cm)
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